Genetic variation was examined at 21 allozyme loci in 11 populations of Eichhornia paniculata (Pontederiaceae) from N.E. Brazil and Jamaica. Populations from Jamaica are genetically depauperate with respect to electrophoretically detectable variation, containing a significantly lower number of polymorphic loci, alleles per locus, mean observed heterozygosit-y and genetic diversity than Brazilian populations. These measures were significantly correlated with the outcrossing rate (t) of populations. The allozyme data were used to examine the patterns of genetic variation within and between populations by estimates of gene correlation and Nei's gene diversity statistics. Populations within both regions are highly differentiated from one another, with those from Jamaica more strongly so. Brazilian populations contain more variation than is distributed among populations, while the reverse pattern occurs among Jamaican populations. The genetic distance between Jamaican populations is less than between Brazilian populations as a result of the low overall variability on the island. It is proposed that the founding of populations on Jamaica by longdistance dispersal, genetic drift and high levels of self-fertilisation all contribute to reducing levels of genetic variation in Jamaican populations.
INTRODUCTION
Floristic and faunistic studies of islands have been frequent, particularly with regard to factors that influence adaptive radiation and speciation, degree of endemism and community organization (Darlington, 1957; MacArthur and Wilson, 1967; Cariquist, 1974; Lack, 1976; Williamson, 1981) .
Because opportunities for gene flow are often reduced and island habitats may be ecologically as well as geographically marginal, island populations can act as natural experiments of the effects of isolation and directional selection on the genetic structure of populations. Comparison of continental and island populations in several animal groups have provided particularly valuable insights into evolutionary processes (Dobzhansky, 1957; Clarke and Sheppard, 1963; Avise et a!., 1974; Ayala et aL, 1971) . Despite their vagrancy and capacity for long-distance dispersal, there have been few studies of the ecological genetics of continental and island population of plants. With this in mind, the present study was designed to contrast the * Present address: Department of Botany and Plant Sciences, University of California, Riverside, California 92521, U.S.A. levels of genetic variability and degree of genetic differentiation in continental and island populations of the diploid, tristylous, emergent aquatic Eichhornia paniculata (Pontederiaceae).
Eichhornia paniculata has a markedly disjunct geographical distribution. Populations are numerous throughout the states of N.E. Brazil, also occur on the Caribbean islands of Cuba and Jamaica and isolated populations are reported from Nicaragua and W. Brazil (Barrett, 1985a; Glover and Barrett, 1986) . The founding and establishment of populations in the Caribbean region likely resulted from long-distance dispersal, although the direct source area and time of colonisation is unknown. Nevertheless, because such dispersal events are likely to be infrequent, it may be predicted that populations on the island ofiamaica should display lower levels of genetic variation than populations from N.E. Brazil. Data on the distribution of style morphs in E. paniculata is consistent with this suggestion. While populations in N.E. Brazil most commonly contain the three style morphs, on Jamaica the short-styled morph is absent, and self-pollinating semi-homostylous variants of the mid-styled morph predominate (Barrett 1985a, b) . Absence of the short-styled morph from Jamaica is indicative of a genetic bottleneck associated with island colonisation.
Selfing forms would be favoured in establishment on Jamaica following long-distance dispersal.
In this study, allozyme data are used to examine gene diversity and patterns of genetic differentiation between 11 populations from the two regions.
Since populations within and between the two regions also vary in floral morphology (Barrett, 1985a) and mating system (Barrett et al., 1987; Glover and Barrett, 1986) , an additional objective of the study was to examine whether differences in the mating systems of populations are associated with contrasting genetic structures.
MATERIALS AND METHODS

Sites and sampling
Seed families were collected in May-June 1982 from 6 populations of Eichhornia paniculata in N.E. Brazil (B) and 5 populations from Jamaica (J) during January 1983. Populations sampled in N.E. Brazil were chosen to represent the range of floral morph structures (trimorphic: long-, midand short-styled morphs, hereafter L, M, and 5, respectively; dimorphic: L, M; and monomorphic: M) observed for the region, whereas in Jamaica all populations encountered during the 1983 season were sampled. The distribution of populations are mapped in figure 1 and information on locality, morph structure and outcrossing rate are presented in table 1. Further details of the habitat, population size and floral biology of populations are given in Glover and Barrett (1986) .
Electrophoretic procedures Horizontal starch gel electrophoresis was used to obtain allozyme data for 11 enzyme systems. An initial screening of plant tissues indicated that enzyme activity was consistently highest in mature buds, and as a result this tissue was used in all Figure 1 Distribution of Eichhornia paniculata and location of populations studied in N.E. Brazil and Jamaica. Isolated populations are reported from Nicaragua and W. Brazil. Gels were prepared with Sigma starch at an 11 A standard 375 ml gel provided 6 slices (each per cent w/v concentration and 10 g sucrose. Three 15 mm thick). The top and bottom slices were buffer systems were used: (A) Continuous Hisdiscarded, and the remaining slices were placed in tidine citrate, pH 65 (Cardy et a!., 1981) , (B) styrofoam trays for staining. Table 2 lists the Discontinuous Li-borate/Tris-citrate, pH 83 enzyme systems stained, the number of loci scored, (Cardy eta!., 1981) , (C) Discontinuous Poulik, pH the buffer systems used and references for staining 8.3-8.6/7.9 (modified from Mitton et al., 1977) .
procedures. Gels were scored immediately followElectrophoresis was conducted in a glass front ing incubation and soaked overnight in a 5:5: 1 refrigerator at 0-4°C. Wicks were removed after solution of methanol : water: glacial acetic acid for 10 minutes. The voltages maintained for the preservation. testing of populations in which the null allele occurs, the frequency of alleles a, b, and n cannot be determined. Accordingly, these populations were omitted from analyses that included PGI-3.
Population structure
Three parameters that summarise population structure were introduced by Wright (1951) ; FIT, FST and F15. An analysis of variance estimation approach to these parameters has been advocated by Weir and Cockerham (1984) and is used here.
After consideration of bias introduced when unequal and finite sample sizes, multiple alleles and multiple loci are not accounted for, and in the interest of standardising estimators, they present a more robust set of parameters related to Fstatistics such that F FIT, 0 F.ST, and f (Cockerham, 1969 (Cockerham, , 1973 . F describes the correlation of genes within individuals and is approximately the fixation index in the total population, 8 describes the correlation of genes between individuals within populations and measures the differentiation between populations. The correlation of genes within individuals in a given population is denoted by f which describes the relationship of the observed heterozygosity to that expected under panmixia (Hardy-Weinberg equilibrium) and is approximately equivalent to Wright's fixation index. The parameters are related by 1=
(F-0)1(1 -0). Computational formulas are given in Weir and Cockerham (1984) . The variance of the estimators when multiple loci are used can be approximated by the jackknife procedure (Miller, 1974) , omitting one locus at a time and calculating the variance among the resulting estimates.
Gene diversity
The degree of gene differentiation when population structure is hierarchical can be analysed using Nei's gene diversity statistics (Nei, 1973) . The gene diversity in the total population, H, is given by HT = H, + DST where H is the gene diversity within subpopulations and DST the gene diversity between subpopulations. The gene diversity between populations, GST, relative to that of the total assemblage of populations, is given by GST = D.r/HT. The inter-populational gene diversity relative to the intra-populational gene diversity is given by RST, where RST = D,,,/H5 and D,,, is a measure of within subpopulation diversity calculated from DST by excluding the comparisons of subpopulations with themselves. These statistics can be measured using data from one or more loci. Nei and Roychoudhury (1974) advocate the use of a large number of randomly chosen loci that include both polymorphic and monomorphic loci. Data from all loci were included in this analysis.
RESULTS
A lie/ic richness and observed heterozygosity
Among the 11 populations of E. paniculata, a total of 21 loci were scored, Of these, 13 were polymorphic in at least one population. Allele frequencies for polymorphic loci are presented in the Appendix. The remaining eight loci (IDH-1, IDH-2, MDH-1, PGD-2, SKD-1, SKD-2, PGM-2, PGI-l) were monomorphic in all populations examined. In Brazilian populations, 36 alleles were detected among the 21 loci compared to 24 alleles in Jamaican populations. The representation of alleles in Jamaica is moderately differentiated from a simple subset of alleles sampled from Brazil. Of the total array of alleles in all populations, 463 per cent were shared by the two regions. Thus 17 (47 per cent) of the Brazilian alleles were found only in that region, while 5 (21 per cent) of the Jamaican alleles were diagnostic for the island.
Two of the three polymorphic loci in Jamaica were invariant in all Brazilian populations. Of the 9 loci that were monomorphic in Jamaica but polymorphic in Brazil, 6/9 were fixed for the most common Brazilian allele, 1/9 was fixed for the least common allele, and 2/9 were fixed for alleles only recorded from Jamaica.
The mean number of alleles per locus (K, where the frequency of the least common allele is >OO5), the percentage of loci polymorphic (P, where a locus is polymorphic when the frequency of the most common allele is <0.95) and the mean observed proportion of loci at which an individual is heterozygous (H0, scored by direct count) are presented in table 3 for each population, with the regional mean for each value. Overall, K ranged from 1•0 to 145, P ranged from 0 to 35, and H0 ranged from 0 to l20. Brazilian populations are significantly richer in alleles than Jamaican populations as measured by K (t=299, df=9, p< 0.02) and P (t = 286, df= 9,p <0.05). In addition, individuals in Brazilian populations are on average more heterozygous than individuals in Jamaican populations (t = 2-94, df= 9, p <0.05). Two populations (Jil, J13) were invariant at all 21 allozyme loci. At two of the three loci at which variation was detected in Jamaica, the populations were fixed for different alleles. Multilocus estimates of outcrossing rate, using the method of Ritland and Jam (1981) , have been calculated for nine of the 11 populations (Glover and Barrett, 1986) ; the exceptions are the two invariant populations. Outcrossing _rate (t) was significantly rank correlated with K (r = 0788, n=9,p=0-012), P (r=0.758, n=9, p =0-018) and Ho(rS=0-900, n=9,p=0-001) ( fig. 2 ).
Population structure Table 4 When the amount of inbreeding is known, the observed fixation index can be compared with Fe, the expectation at inbreeding equilibrium, when the mating system is the only factor causing inbreeding. Fe = (1 -t)/(1 + t) and is the inbreeding coefficient expected at equilibrium with an outcrossing rate t. The difference is tF as given in Brown (1979) . Positive values of F indicate a heterozygote deficiency while negative values indicate an excess of heterozygotes, in comparison with inbreeding equilibrium expectation (F =0). For each region, the mean F is close to panmictic expectation. Thus, in Jamaica, the average deficiency of heterozygotes (f-0275) is accounted for by selfing. In fact, on average, a small excess of heterozygotes is observed. However, individual populations in both regions are heterogeneous.
Populations BlO and J14 have a deficit of heterozygotes, and populations B9 and Jl5 have an excess of heterozygotes (table 5) . A number of factors can contribute to a deficit of heterozygotes (Brown, 1979) ; the most likely are (a) population substructuring with regard to allele frequency, and (b) restricted neighbourhood size with near neighbour mating. Excess of heterozygotes may be attributed to selection at the marker locus (or genes linked to it).
Gene diversity
The mean total gene diversity for Brazilian populations is more than twice that of Jamaican populations (HT = 015 and H1 = 006, respectively; table 6). The within population component Hç, also known as the "expected heterozygosity", or "Nei's gene diversity", is the mean proportion of loci at which a given individual can be expected to be heterozygous. H = 009 for Brazilian populations and H =003 for Jamaican populations (table 6).
Genetic diversity is significantly correlated with outcrossing frequency in the nine populations for which t has been estimated (r = 085, n = 9, p = 0004).
In addition to differences between Brazil and Jamaica in the total gene diversity, the partitioning of variation into population components differs between the two regions. The amount of diversity among Brazilian populations is smaller (GST = 0.40) than for Jamaican populations (GST = 0.57) (table 6). In Jamaica, more diversity is spread between populations (RST = 1.70), while in Brazil more variation is contained within populations (RST=0•81).
Nei's genetic distance (Nei, 1972 ) is calculated from allele frequencies across all loci, and all pairs of populations are compared. Values range from 0 to , 0 between populations that share all alleles at the same frequency, and between populations that have no alleles in common. The average genetic distance between Brazilian populations was d = 0085 and d = 0049 for Jamaican populations. The data illustrate the effect of including To determine if an association of geographic and genetic distance between populations within Brazil and Jamaica occurs, a significance test was performed using a non-parametric measure of association (Dietz, 1983) . The test statistic, K, is a measure of association of two matrices (genetic distance and geographic distance) and the significance is determined by generating a probability distribution of K, under the null hypothesis of no association, based on all possible permutations of the matrices (Dietz, 1983) . No association between genetic and geographic distance was detected in either region; for Brazil, K = -4 (p = O325, ns), and for Jamaica K = -11 (p = O186, ns).
DISCUSSION
To interpret the causes responsible for the amount and pattern of genetic variation within and among populations of E. paniculata, two overriding factors need to be considered. The first involves the evolutionary history of the species in the Caribbean and the probability that colonisation of Jamaica involved a genetic bottleneck. The second concerns the evolutionary breakdown of tristyly to semihomostyly in the species and its effect on altering the mating system of populations from outcrossing to selfing. These processes acting in concert or alone can result in changes in the genetic structure of populations; the discussion will therefore consider their relative importance. When populations are founded by a small number of individuals, and subsequent growth is slow, the genetic consequences are a reduction in average heterozygosity and loss of alleles (Nei et a!., 1975) . Since genetic bottlenecks may be expected during island colonisation, we may anticipate a reduction in the genetic variation of island populations, particularly in plant species such as Eichhornia paniculata, which commonly exhibit relatively small population sizes (Barrett, 1985a, b) .
In this study it was found that on the island of Jamaica, E. paniculata is depauperate with respect to allozyme variability, at both regional and poulational levels. Values for H, H and K were significantly lower than those from N.E. Brazil. Owing to island isolation, a restricted number of dispersal events is probably the most important factor determining the reduction in total allozyme diversity of E. paniculata populations in Jamaica, Support for this view comes from comparisons of genetic variation between plant populations that are geographically marginal but not necessarily isolated from populations at the centre of the range. Relative to source populations, peripheral populations can be either less heterozygous (Rick et a!., 1977; Yeh and Layton, 1979; Guries and Ledig, 1982) , equally heterozygous (Levin, 1977 (Levin, , 1978 , or more heterozygous (Harding and Mankinen, 1972; Jam and Martins, 1979; Bosbach and Hurka, 1981) than those that occupy the centre of the range. However, where insular populations have been compared with mainland populations, gene diversity has been found to be reduced or completely absent (Rick and Fobes, 1975 ; and see Schwaegerle and Schaal, 1979) .
The origins and evolutionary history of E. paniculata in the Caribbean region are uncertain. The occurrence of all three style morphs in N.E.
Brazil and the presence of close tristylous relatives in the region suggest that E. paniculata may have originated in lowland tropical South America (Barrett, 1985a) . If this is true, it seems reasonable to postulate that the Caribbean concentration of populations is a derived centre. The direct source region for Jamaica and the time of colonisation are, however, unknown. The neighbouring island of Cuba would seem to be the most likely primary source, following early establishment of E. paniculata in Central America and the Caribbean from lowland S. America. Studies of the genetic structure of Cuban populations of E. paniculata would be useful in evaluating this suggestion. The occurrence of several isozyme alleles in Jamaica that were not detected in the survey of Brazilian populations supports the view that E. paniculata has a long history in the Caribbean and, unlike its close relative, the water hyacinth (E. crcissipes), is not a recent immigrant to the region (Barrett, 1979) .
SeIf-fertilisation is common in colonising plant species (Baker, 1955; Brown and Marshall, 1981; Price and Jam, 1981) . As a consequence, it is often difficult to separate the effects of genetic bottlenecks and levels of inbreeding on gene diversity. The expected consequence of self-fertilisation 'on the genetic structure of populations is to decrease heterozygosity within populations, allowing selection to operate on homozygous lines (Jam, 1976) . Loss of alleles and a reduction in polymorphic loci are secondary responses to drift, selection and contraints on gene flow. Empirical evidence relating plant mating systems to genetic variability at the species level are for the most part consistent with these expectations. The surveys conducted by Hamrick et a!. (1979) , Brown (1979 ), Gottlieb (1981 and Loveless and Hamrick (1984) have all found a general reduction in the number of alleles per locus, the per cent of loci polymorphic and various indices of genetic diversity in primarily selfing as opposed to primarily outcrossing species. In addition, studies of closely related species with contrasting mating systems have also revealed patterns in accord with the survey data (Gottlieb, 1973; Brown and Jam, 1979; Levin, 1978; Layton and Ganders, 1984) . Few within-species comparisons have been made that quantify both the mating system and the level and distribution of gene diversity in plant populations. In some studies, a positive correlation has been demonstrated between measures of genetic variation and outcrossing rate (Rick et a!., 1977; Schoen, 1982) , whereas in others no association was found (Jam, 1978; Yeh and Layton, 1979; Ganders et a!., 1985) . In E. paniculata the per cent of loci polymorphic, mean number of alleles per locus, mean observed heterozygosity and gene diversity were all significantly correlated with outcrossing rate. However, it should be noted that this association is strongly influenced by differences in the amount of genetic variation between populations in Brazil and Jamaica so that caution is required in interpreting the results. A larger sample of populations from Brazil with contrasting mating systems is required to fully establish the relationship between mating behaviour and genetic variation within populations.
A shift towards self-fertilisation can increase the distribution of genetic variation among populations as a result of drift and local selection. In E. paniculata, values for the inter-to intra-population ratio of gene diversity indicate that in Jamaica a greater proportion of the gene diversity is distributed between populations than is contained within them. Although the reverse pattern occurs in Brazil, in absolute terms Brazilian populations are more differentiated than those in Jamaica (D5,=O'059 and D=OO33 for Brazil and Jamaica, respectively). These data are in accord with the survey of Brown (1979) 
